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Abstract

Erythroid nuclear condensation is a complex process where compaction to one-tenth its original 

size occurs in an active nucleus simultaneously undergoing transcription and cell division. We 

previously found that the nuclear exportin Exportin7 (Xpo7), which is erythroid-specific and 

highly induced during terminal erythropoiesis, facilitates nuclear condensation. We also identified 

a previously unannotated, erythroid-specific isoform of Xpo7 (Xpo7B) containing a novel first 

exon Xpo7–1b expressed only in late Ter119+ erythroblasts. To better understand the functional 

difference between the erythroid Xpo7B isoform and the ubiquitous isoform (Xpo7A) containing 

the original first exon Xpo7–1a, we created gene-targeted mouse models lacking either exons 

Xpo7–1a, Xpo7–1b, or both exons 4–5, which are completely null for Xpo7 expression. We 

found that deficiency in Xpo7A does not affect steady-state nor stress erythropoiesis. In contrast, 

mice lacking the erythroid isoform, Xpo7B, display a mild anemia as well as altered stress 

erythropoiesis. Complete Xpo7 deficiency resulted in partially penetrant embryonic lethality at the 

stage when definitive erythropoiesis is prominent in the fetal liver. Inducible complete knockdown 

of Xpo7 confirms that both steady-state and stress erythropoiesis are affected. We also observe 

that Xpo7 deficiency downregulates the expression of important stress response factors, such as 
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Gdf15 and Smad3. We conclude that the erythroid-specific isoform of Xpo7 is important for both 

steady-state as well as stress erythropoiesis in mice.
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Introduction

Terminal differentiation of erythroid progenitors into mature red blood cells is a complex 

and highly regulated process including the survival of committed progenitors, a set number 

of cell divisions leading to terminal differentiation, the accumulation of hemoglobin and 

other erythroid-specific proteins, and global nuclear condensation culminating in enucleation 

only in mammals[1]. Multiple cellular pathways have been implicated in the regulation 

of terminal erythroid differentiation and enucleation[2]. Several new players involved in 

such regulatory and signaling pathways have since been identified that control these 

crucial cellular processes [3–11]. As important as these genes are for normal and steady 

state erythropoiesis, their role in and/or connection to the molecules involved in stress 

erythropoiesis remains an avenue of open investigation.

In steady-state erythropoiesis, the normal level of hematocrit is maintained by a regulated 

production of RBCs. However, under certain physiological or clinical conditions resulting 

in hypoxia, a systemic “stress” response is elicited to increase RBC production. “Stress 

erythropoiesis” is a systemic compensatory response to tissue hypoxia due to anemia. It 

promotes recovery from anemia by stimulating bone marrow and other extramedullary 

organs like the spleen and liver to increase erythropoietic rate [12, 13]. The different course 

of differentiation results in release of more immature erythroid cells into circulation. In 

mice, stress erythropoiesis occurs primarily in the adult spleen [14, 15] which acts as 

an extramedullary organ for erythropoiesis, and in the fetal liver [16]. Among regulators 

of stress erythropoiesis, GDF15 has been recently shown to be crucial in regulating 

expression of important genes, with Gdf15−/− mice also showing delayed recovery from 

hemolytic anemia [17]. A deeper functional understanding of how regulation of such 

signaling molecules influences stress erythropoiesis can have potential clinical implications 

for diseases associated with ineffective erythropoiesis.

Our group has found that the nuclear export protein Exportin 7 (Xpo7) is involved in nuclear 

condensation and enucleation during terminal erythroid maturation[18]. Xpo7 is a member 

of the importin-B superfamily, is erythroid-specific, is highly induced during terminal 

erythropoiesis, and is the only importin-B family member remaining during terminal 

erythroid development. Knockdown of Xpo7 in murine fetal liver erythroid progenitors did 

not affect important processes of erythroid development, such as production of hemoglobin 

or acquisition of cell surface glycophorin Ter119 but severely inhibited nuclear condensation 

and enucleation. Additionally, we found an unannotated erythroid-specific first exon (1b) of 

Xpo7 expressed in Ter119+ erythroblasts but not in earlier erythroid progenitors, whereas 

the ubiquitous exon 1a of Xpo7 is expressed at modest levels in many tissues[18]. In our 
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recent findings, we have also shown that mir181a regulates erythroid nuclear condensation 

by regulating Xpo7 expression[19]. In this study, we investigated the function of Xpo7 in 
vivo by characterizing the phenotype of transgenic mouse models that lacked the ubiquitous 

exon Xpo7–1a, the erythroid-specific exon Xpo7–1b, or that were completely null for 

Xpo7 expression. Based on the phenotype of these mouse models, we find that the erythroid-

specific isoform of Xpo7 is important for both steady-state as well as stress erythropoiesis in 

mice.

Methods

Animals

Three different strains were used in this study (Figure 1). Both Xpo7A−/− (A KO) and Xpo7 
A−/−B−/− (AB KO) strains were generated by the Görlich Lab, according to the German 

animal welfare law, and bred at Yale University (New Haven, CT, US).

Briefly, Xpo7 A−/−B−/− (AB KO) mice were generated by the Görlich Lab using the 

mouse cell line Xpo7tm1a, clone G09 (B6N.129SvExp7KO(loxP)tmDG, crossed with 

Flp-recombinase in Rosa26 locus (R-Flp.B6N, #003946 Jax Stock) and then with the 

CMV-Cre strain[20]. Xpo7 A−/− (A KO) mice were generated by the Görlich Lab using 

the mouse cell line B6N;129SvExp7KO(loxP)tmDG, created from targeted Sv129 MPI-ES 

cells, mixed background Sv129/B6N. Afterwards, the Afl/fl and Afl/flBfl/fl floxed strains 

were crossed with CMV-Cre mouse. Xpo7 B−/− (B KO) mice were generated at Yale after 

breeding a floxed exon 1b mouse produced in collaboration with the Yale Genome Editing 

Center, using CRISPR/Cas9 system with a constitutive beta-Actin Cre mouse (B6.FVB/N-

Tg(ACTB-cre)2Mrt/J), purchased from the same institution. Inducible Xpo7 A−/−B−/− (AB 

KO) mice were generated by breeding the Xpo7-ABfl/fl floxed mouse (from Görlich Lab, 

Germany) described above, with the inducible R26-CreERT2 mouse strain[21] (purchased 

from Jackson Laboratory, Ref.008463). The Xpo7-ABfl/fl/R26-CreERT2/+ mouse has exons 

4 and 5 floxed and expresses Cre-recombinase upon tamoxifen treatment. Mice at 4–5 weeks 

of age were injected with 1mg/day of tamoxifen (prepared in corn oil at a concentration 

of 5 mg/mL) on 5 consecutive days. Since the RBC turnover period in mice is about 

42 days, analysis of hematological parameters was performed 6 weeks after tamoxifen 

administration.

Mice and embryos were genotyped by polymerase chain reaction (PCR) using the primers 

the following primers: for Xpo7A KO mice, A-P1 (5’-gcaggtatcccaggtaggaggtctt-3’), A-P2 

(5’-cgccattttgctccattcatgctcctc-3’) and A-P3 (5’-tcccggcctgtgttattctataaggacc-3’); for Xpo7B 

KO mice, B-P1 (5’-ctggatgtcactagactcgc-3’), B-P2 (5’-gtagctggcagtcaggagaa-3’), B-P3 (5’-

aagcaccactggggaaatgc-3’); for Xpo7 AB KO mice, AB-P1 (5’-gatgagggcttgagtcacgaa-3’), 

AB-P2 (5’-acattatttagccttgtggga-3’) and AB-P3 (5’-agaaacaataaagcccaagca-3’) (shown in 

figure 1); for inducible Xpo7AB KO mice, two additional PCRs had to be performed: one 

to detect the LoxP site between exons 4 and 5 (Fw-Frt-AB2: 5’-cagctgggcaagcttacagt-3’; 

Rv-Frt-AB2: 5’-caccactgcccaactctttt-3’), and another to detect the Cre gene in heterozygous 

(Cre/+) or homozygous (cre/cre) conditions (Common-Fw: 5’-aagggagctgcagtggagta-3’; 

Cre-Rv: 5’-cggttattcaacttgcacca-3’; WT-Rv: 5’-ccgaaaatctgtgggaagtc-3’).
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Timed matings of appropriate genotype intercrosses for each strain were performed to 

obtain embryos at each developmental stage. Control mice used for each strain were 

wild type, nonfloxed, littermate mice with Cre/+ genotype (i.e., Xpo7-Awt/wt/CMV-Cre /+, 

Xpo7-Bwt/wt/β-Actin-Cre/+, Xpo7-ABwt/wt/CMV-Cre /+, Xpo7- ABwt/wt/ R26-CreERT2/+, 

for Xpo7A KO, Xpo7B KO, and Xpo7AB constitutive and inducible knockout strains, 

respectively. All animal studies were approved by the Yale University Institutional Animal 

Use and Care Committee.

Analysis of Xpo7AB-KO mutant embryos

Couples were set up on day 0 and on day 1, and males were then removed from the 

cage. That day was considered 0.5 dpc in the timing of embryo collection. Embryos were 

dissected at multiple timepoints during development. DNA was isolated from embryonic 

tissues following manufacturer protocol (Qiagen), and PCR was performed to determine 

genotype using the primers described above. For terminal erythroid differentiation analysis, 

total cells from fetal livers at specific timepoints were isolated, disrupted, washed, and 

resuspended in PBS with 2% FBS for further analysis.

In vivo mouse analysis and phenylhydrazine experiments

After genotyping, whole blood samples from 4–5-week-old male mice were collected for 

CBC (complete blood count) evaluation by Hemavet analyzer (Drew Scientific). Data for all 

hematological parameters shown are from mice of same sex (male) and similar age groups. 

The parameters for WT mice correlate well with published data [22, 23] for C57BL/6J 

male mice. For stress erythropoiesis studies, 9 week-old male mice were injected with 

phenylhydrazine (PHZ, Sigma) (60mg/kg/day) on day 0 and 1 in order to induce acute 

hemolytic anemia[24, 25]. In the case of B KO mice and inducible AB KO mice, higher 

doses of PHZ induced lethality and hence a single dose of 80mg/kg/day was injected on 

day 0. Whole blood samples were collected on day 0, 3, and 7, and CBCs were measured 

by Hemavet analyzer. Blood smears were prepared by spreading a drop of blood across a 

slide. After air-drying, cells were fixed by absolute methanol and subsequently air-dried. 

Slides were stained with the Wright-Giemsa stain (Sigma) and viewed using an Olympus 

IX71 Microscope (magnification 64X). To test recovery from severe hemolytic anemia, 

9–10 week-old Xpo7B KO and inducible AB KO mice were injected with a single dose of 

100 mg/kg/day of PHZ. Whole blood samples were collected on day 0, 3, 7, 10 and 14, 

and CBCs were measured by Hemavet analyzer. Survival was tracked during the period of 

recovery.

Erythroid progenitor isolation and culture

Total fetal liver cells (FLC) were isolated from E13.5 embryos (WT, KO) of A and B strains. 

TER119-negative erythroid progenitors were separated using magnetic beads as previously 

described [26] and cultured for 48 hours in erythropoietin (Epo)-containing medium as 

previously published [27].
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Immunoblotting

Protein was isolated from peripheral blood cells using RIPA cell lysis buffer. Protein 

samples were run on 4–12% SDS-PAGE and transferred to a nitrocellulose membrane. The 

primary antibodies used were the following: anti-XPO7 (generated by Görlich lab), anti-

CRM1 (Santa Cruz antibody sc-5595) and anti-GAPDH (Santa Cruz antibody sc-32233). 

Each of the primary antibodies were prepared at 1:1000 dilution in 0.5% milk+PBST. The 

respective secondary antibodies used were anti-rabbit:HRP to detect XPO7 and CRM1, and 

anti-mouse:HRP to detect GAPDH.

FACS analysis

For FLC culture, cells were cultured for 48 hours and immunostained with APC-conjugated 

anti-TER119 antibody at 1:200 (BD Pharmingen) and 10 μg/ml Hoechst 33342 (Sigma) for 

15 min at 37ºC in the dark. Propidium iodide (Sigma) was added to exclude dead cells from 

analysis.

For embryonic lethality studies, FLC were stained with APC-conjugated anti-TER119 

and PE-conjugated anti-CD71 or PE-conjugated anti-CD44 antibodies, each at 1:200 (BD 

Pharmingen), and analyzed as previously published [28, 29] (Supp Figure S4). Cells were 

also stained with anti-c-kit for erythroid progenitor quantification as previously described 

[30].

All cytometry was performed on a BD LSRII flow cytometer (Becton Dickinson), and the 

samples were analyzed using BD FACSDiva and FlowJo software.

RNA Isolation and RT-qPCR

Total RNA from mouse bone marrow was extracted using the RNeasy Mini Kit (Qiagen 

Sciences, Germantown, MD) according to the manufacturer’s instructions and normalized 

to cell number. First-strand cDNA was synthesized from total RNA using Super Script 

II first-strand synthesis system (Invitrogen). Polymerase chain reaction (PCR) primers 

for Gdf15, Smad3, Xpo7, and Hprt1 were obtained from Keck Oligonucleotides (Yale 

University, USA). The sequences of the primers are listed in supplementary Table 2. The 

threshold cycle (Ct) value for each gene was normalized to the Ct value of hypoxanthine 

phosphoribosyltransferase-1 (Hprt1) and relative to the WT control. The normalized relative 

mRNA expression was calculated as described previously [31].

Statistical methods

Differences between groups were assessed using Student’s two-tailed t-test or two-way 

ANOVA. When specified, Chi-square test for multiple groups was utilized to evaluate 

differences between groups. Data processing and statistical analyses were performed with 

the Prism software (GraphPad Software Inc.). Differences were considered significant when 

p< 0.05. Results are presented as mean ± SEM of at least 3 independent experiments or ≥ 5 

animals per group.
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Results

The ubiquitous isoform of Xpo7 gene, Xpo7A, is not essential for normal erythropoiesis

By RNAseq, we have previously described an erythroid-specific first exon of Xpo7 (exon 

1b) with a potential specific promoter that harbors sites for erythroid master regulators such 

as GATA1 and TAL1 [18], as well as unique 3’ and 5’ UTRs [19], compared to the first exon 

of the ubiquitous isoform, which we call Xpo7A.

To determine whether or not variants A and B of Xpo7 have different functions in vivo, we 

evaluated three gene-targeted strains of Xpo7 mice (Figure 1), lacking the A variant (Xpo7A 
KO), the B variant (Xpo7B KO), or both variants (the Xpo7AB KO). Xpo7A KO mice were 

born in normal Mendelian ratios and survived throughout adulthood without increased rates 

of mortality (Table 1). At a morphological level, both KO and control mice displayed normal 

healthy RBC in blood smears (Figure 2A). Xpo7 loss in the testis was highly specific as 

compared to CRM1 (Xpo1) (Figure 2B). As expected, analysis of adult hematopoiesis in 

Xpo7A KO mice did not show any defect compared to WT mice, and spleens were normal 

size at baseline (Figure 2C and Supplemental Table S1). We hypothesized that these animals 

do not show anemia because they still express the erythroid isoform of Xpo7 (Xpo7B) in red 

cells.

In order to confirm that Xpo7A was not involved in stress erythropoiesis, Xpo7A KO mice 

were treated with phenylhydrazine (PHZ), which induces hemolytic acute anemia [32, 33]. 

We compared each mouse to itself under each category after PHZ treatment. RBC and 

HCT were decreased after PHZ treatment with no difference between WT and Xpo7A 
KO mice, with the lowest value recorded on day 3 (Figure 2D). As expected, RDW was 

increased during anemia induction on day 3. By day 7, all parameters returned to normal 

values similar to those on day 0. When KO mice were compared to WT, there was no 

significant difference in RBC and HCT, but KO animals showed a significantly higher 

level of RDW (p<0.001, two-way ANOVA) than WT after PHZ treatment. We further 

characterized stress erythropoiesis in these mice by analyzing FLC cultures. The number of 

erythroid progenitors (Ter119-negative cells) isolated from each embryo was similar for both 

WT and KO mice. After 48h in culture, there were no statistically significant differences in 

cell number or differentiation, as evident from degree of enucleation (Figure 2E).

Xpo7A knockout mice were born in normal Mendelian ratios, showed no anemia in adults, 

and had no impaired response to stress erythropoiesis after phenylhydrazine treatment 

or in FLC cultures. We hypothesize that Xpo7A does not affect steady-state nor stress 

erythropoiesis because Xpo7A KO mice still express the erythroid isoform of Xpo7 

(Xpo7B) in erythroid progenitors, so next we evaluated Xpo7B KO mice.

Mice lacking the erythroid isoform of Xpo7 gene, Xpo7B, show a mild anemia and altered 
stress erythropoiesis

To determine whether the erythroid variant of Xpo7 (Xpo7B) affected steady-state or stress 

erythropoiesis, we next generated a mouse model where only Xpo7B was not expressed. 

We hypothesized that only Xpo7B and not Xpo7A would be important for steady-state and 

stress erythropoiesis in vivo.
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Xpo7B KO mice were born in a normal Mendelian distribution as a result of heterozygous 

intercrosses (Table 1) and displayed morphologically normal RBC (Figure 3A). Xpo7B 

loss in peripheral blood was complete (Figure 3B). When hematological parameters were 

analyzed, Xpo7B KO mice showed mild anemia compared to controls with statistically 

lower RBC, lower HCT, higher RDW, and increased reticulocytosis (Figure 3C, **** = 

p<0.0001, ** = p<0.001, * = p<0.01, two-way ANOVA), but normal-sized spleens. To 

assess recovery from severe hemolytic anemia, we injected 9–10 week-old mice with a 

single dose of 100 mg/kg/day of PHZ and compared each mouse to itself under each 

category after PHZ treatment. We found that the KO animals survived only through day 

3 post treatment (data not shown). As a result, for further investigations, mice were 

treated with a single lower dose (80mg/kg) of PHZ. The differences in hematological 

parameters were stable after PHZ treatment for only the RDW (Figure 3D). However, 

erythroid progenitors from FLC of Xpo7B KO mice were considerably higher in number 

compared to controls and proliferated less in culture than controls (Figure 3E). Nevertheless, 

differentiation was not affected as the levels of erythroid marker Ter119 (data not shown) 

and enucleation were similar for both KO and WT cells at 48h (Figure 3E).

In summary, Xpo7B knockout mice were born in normal Mendelian ratios, but adults 

showed mild anemia. Knockouts had no impaired response to stress erythropoiesis after 

phenylhydrazine treatment compared to controls, but there were increased erythroid 

progenitors and less cell growth in FLC cultures from KO animals. We hypothesize that 

Xpo7B mildly affects steady-state and stress erythropoiesis, which is compensated by 

Xpo7A expression in blood, so next we evaluated the complete Xpo7AB KO mice.

Null Xpo7 results in partially penetrant embryonic lethality

AB+/− mice were fertile and indistinguishable from WT littermates. When heterozygous 

animals were intercrossed, we observed a significantly lower fraction of Xpo7AB KO 

offspring than the 25% predicted by Mendelian segregation (Table 1). Only 7% (5 of 72, 

p<0.0001,χ2) of postnatal progeny from AB+/− intercrosses were AB−/−, suggesting that a 

significant number of homozygous knockout animals were lost during development.

To determine when during gestation AB KO embryos were lost, embryos from heterozygous 

intercrosses were isolated at blastocyst (E3.5) and mid-late gestation (E9.5-E15.5) stages of 

development. Knockout blastocysts appeared morphologically indistinguishable from their 

wild-type and heterozygous counterparts and were observed at the predicted Mendelian ratio 

of 25%. Analysis of embryos at mid-late gestation showed that Xpo7AB KO embryos were 

lost over a period between E11.5 and E13.5, when definitive erythropoiesis commences in 

the fetal liver of the mouse [34]. This time-specific loss of Xpo7AB KO embryos when 

definitive erythropoiesis begins suggests a critical role for Xpo7 in definitive erythropoiesis 

during murine fetal liver red cell development. To further understand the role of Xpo7 in 

adult steady state and stress erythropoiesis, we generated and evaluated inducible Xpo7AB 
KO mice as adults.
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Xpo7 is important for stress erythropoiesis in vivo

To further understand the function of Xpo7 in adult erythropoiesis in vivo, we generated 

an inducible AB KO mouse model using the tamoxifen-inducible Cre recombinase system. 

The ABfl/fl floxed mice were born in a normal Mendelian distribution from heterozygous 

intercrosses. Mice at 4–5 weeks of age were injected with 1 mg/day of tamoxifen 

for 5 days. Since the RBC turnover period in mice is about 42 days, analysis of 

hematological parameters was performed 6 weeks after tamoxifen administration. Knockout 

mice displayed morphologically normal RBC (Figure 4A) and complete loss of Xpo7 in 

peripheral blood (Figure 4B), but showed mild anemia with statistically lower HCT, and 

higher RDW with normal spleen size when compared to controls (Figure 4C, **** = 

p<0.0001, ** = p<0.001, * = p<0.01, two-way ANOVA).

In order to examine stress erythropoiesis, 9–10 week-old male mice were treated once 

with 80 mg/kg/day of PHZ and we compared each mouse to itself after PHZ treatment. 

Impaired recovery following PHZ treatment was evident from the statistically lower RBC 

and HCT and higher RDW and retic count in KO mice compared to control (Figure 4D, 

**** = p<0.0001, ** = p<0.001, * = p<0.01, two-way ANOVA). To test recovery from even 

more severe hemolytic anemia, we injected 9–10 week-old mice with a single dose of 100 

mg/kg/day of PHZ and found that fewer KO animals survived than control mice (Figure 

4E). Analysis of bone marrow of these animals subject to a higher dose of PHZ showed 

impaired terminal erythroid differentiation with statistically fewer terminal orthochromatic 

erythroblasts in KO compared to WT BM even 14 days after PHZ administration (Figure 

4F). The more severe hemolytic anemia resulted in comparable erythroblast populations 

in the spleens of KO and WT mice. In mice of both groups that did not survive beyond 

day 3, the percentage of reticulocytes in the BM of KO was significantly higher than that 

in WT and vice versa in case of the spleen (Supp Figure S3). Despite a high rate of 

reticulocytosis in the BM of KO mice, most of them fail to survive as a result of impaired 

stress erythropoiesis in the spleen (evident from the low reticulocytosis). The mutants also 

show a deficit in other erythroblast populations in the spleen.

Further, we see that the erythroid-specific isoform Xpo7B, as compared to the ubiquitous 

isoform Xpo7A, is specifically expressed in the erythropoietic organs of the WT mouse 

(Supp Figure S5). Taken together, this further highlights the significance of Xpo7 in stress 

erythropoiesis.

In summary, Xpo7AB knockout mice were born in decreased Mendelian ratios, and 

inducibly-knocked out adults showed mild anemia and higher RDW with normal spleen size. 

Knockouts had severely impaired response to stress erythropoiesis after phenylhydrazine 

treatment compared to controls and fewer terminal erythroblasts in KO compared to WT 

BM. These findings suggest that the stress erythropoietic response is impaired by the 

complete loss of Xpo7, so we evaluated the expression of known stress erythropoiesis 

regulators in the bone marrow of Xpo7AB KO animals to evaluate the mechanism.
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Xpo7 loss downregulates the expression levels of Gdf15 and Smad3

To understand the impaired response to hemolytic anemia after loss of Xpo7, we examined 

the levels of known stress erythropoiesis regulators, Gdf15 [17] and Smad3, in the erythroid 

cells from the bone marrow of Xpo7AB KO and WT mice. As levels of these erythroid 

regulators are known to rise in response to anemia, we hypothesized that Xpo7 KO 

mice would be unable to synthesize adequate levels of these regulators and hence fail to 

completely recover from hemolytic anemia. Consistent with our hypothesis, we observed 

a greatly diminished expression of both Gdf15 and Smad3 (Figure 5, p<0.0001, two-way 

ANOVA) in Xpo7AB KO mice when compared to WT. This suggests that there is a role 

of Xpo7 in pathways of stress erythropoiesis, specifically in the bone marrow response to 

stress, evident by the impaired increase of vital regulators Gdf15 and Smad3.

Discussion

Our group previously uncovered that the nuclear export protein Xpo7 is involved in terminal 

erythroid nuclear maturation[18]. Additionally, we found an unannotated erythroid-specific 

first exon (1b) of Xpo7 exclusively expressed in Ter119+ erythroblasts but not in earlier 

erythroid progenitors (BFU-Es or CFU-Es), whereas the ubiquitous exon (1a) of Xpo7 is 

expressed at modest levels in many tissues[18]. In this study, we examined the in vivo 
function of the two isoforms, Xpo7A and Xpo7B, using targeted mouse models. Given 

that Xpo7 is erythroid-specific, highly induced during terminal erythropoiesis, and is the 

only importin-B family member remaining during terminal erythroid development[18], as 

expected, loss of the nonerythroid isoform (Xpo7A) had no effect on erythropoiesis. In 

contrast, we showed that the erythroid-specific isoform of Xpo7 (Xpo7B) plays an important 

role in basal and stress erythropoiesis (Figure 3). We also demonstrated that complete Xpo7 

loss led to a partially penetrant embryonic lethality, in which most homozygous null animals 

were lost at the embryonic stage marking the onset of fetal liver development (Table 1). 

Colony formation assays of fetal liver progenitors from Xpo7 -null cells were normal, 

confirming that loss of Xpo7 does not affect erythroid cell fate (Supp Figure S1). Using 

an inducible model, we showed that the complete loss of Xpo7 in adult mice results in 

impaired response to hemolytic stress (Figure 4). Surprisingly, based on the images and 

measurement of enucleation via flow cytometry after culture of fetal liver cells, Xpo7 did 

not play a direct role in enucleation ex vivo and in vivo (Supp Figure S2). Given that 

no mammal survives to adulthood without proper enucleation (no transgenic mouse model 

exists with nucleated red cells in the adult), it is possible that the process is so essential for 

embryogenesis that other enucleation regulatory pathways may compensate for Xpo7 loss 

in vivo, a phenomenon not captured by in vitro experiments in our earlier published work 

[18]. This also reflects the differences in regulatory and signaling mechanisms in vivo due 

to presence of a highly coordinated hematopoietic niche when compared to monocultures in 
vitro. Given the much more significant phenotype of complete Xpo7 loss than Xpo7B loss 

(as defined from the significantly lower HCT in the inducible KO mice), we suggest that 

Xpo7A provides compensation of function, even though it is primarily expressed outside 

of the erythroid system at modest levels. Similarly, the lack of anemia in Xpo7A KO mice 

suggests that the erythroid-specific isoform Xpo7B may be compensating in recovery from 
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hemolysis. Instances of compensatory mechanisms as such are not uncommon in cases of 

genes with multiple isoform variants [35].

We examined further the role of Xpo7 in stress erythropoiesis by evaluating the expression 

profile of Xpo7 null cells, and specifically noted disrupted transcript levels of several 

established regulators of stress erythropoiesis. Our study uncovered a novel function for 

Xpo7 in erythropoiesis in the transcriptional regulation of the effectors Gdf15 and Smad3 

(Figure 5). Recent findings have shown that Gdf15 signaling is indispensable in maintaining 

the stress erythropoiesis niche and subsequent recovery from hypoxic anemia [17, 36]. We 

noticed a delayed recovery following PHZ-induced hemolytic anemia in Xpo7AB KO mice, 

similar to that observed in Gdf15−/− mice[17]. Gdf15 signaling controls Bmp4 expression, 

which also regulates stress erythropoiesis in response to hypoxia. In response to TGF-β, a 

complex containing Smad3 stimulates erythroid differentiation[37]. Smad3 is also known 

to regulate Epo expression in response to hypoxia [38]. A recent study in human cervical 

epithelial cancer cells has shown that diminished expression of GDF15 decreased expression 

of p-Smad3 thereby affecting the activity of the TGF-β/SMAD signaling pathway [39]. 

While canonically Bmp4 acts via Smad1/5 [40] and there is no evidence of overlap of the 

pathways between Gdf15 and Smad3 in stress erythropoiesis, induction of both of these 

crucial regulators was impaired by loss of Xpo7. This evidence suggests a novel role for 

Xpo7 in recovery from hemolytic anemia. This is corroborated by downregulation of Xpo7 

in the Klf1-Nan mutants, which display a form of congenital hemolytic anemia, as recently 

reported [41]. Perry et al [42] demonstrated that Hedgehog signaling is important for BMP4 

induction which further drives stress erythropoiesis in murine spleen and a very recent 

independent study has shown that Xpo7 regulates Hedgehog signaling negatively [43]. This 

further reaffirms our findings of a delayed recovery from anemia in Xpo7 deficient animals 

due to inadequate stress erythropoiesis.

Targeted loss of Xpo7 and its isoforms reveals that Xpo7 plays a potential role in the 

recovery from hemolytic anemia and provides insight into novel transcriptional regulation 

of two crucial regulators of stress erythropoiesis. While Xpo7 has not been implicated in 

transcriptional regulation previously, there is precedence in other exporters such as Crm1 

(Xpo1) that affect transcription by nucleocytoplasmic control of transcriptional modulators 

[44]. This underlies the need for further detailed investigation of additional functions of 

Xpo7. This intriguing hypothesis is supported by the fact that Xpo7 was found to be a 

direct binding partner of Smad3 as detected by affinity chromatography[45]. In addition to 

playing an important role in terminal erythroid nuclear maturation by facilitating the export 

of histones to the cytoplasm[18], our work has identified a new role for Xpo7 in stress 

erythropoiesis as a novel transcriptional regulator of the stress erythropoiesis regulators 

Gdf15 and Smad3. These data warrant further study of the direct biochemical function of 

Xpo7, which we are currently performing using constructs of Xpo7A and B in ex vivo 
culture of fetal liver erythroid progenitors from Xpo7-null mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Novel role of Xpo7 in recovery from hemolytic anemia in normal and stress 

erythropoiesis

• Loss of erythroid-specific isoform of Xpo7 causes anemia comparable to that 

of complete Xpo7 loss

• Loss of Xpo7 downregulates expression of key factors involved in the 

erythroid stress response pathway (Gdf15, Smad3).
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Figure 1. Mice lacking either isoforms Xpo7A or B or both were generated.
Top, the mouse Xpo7 gene. Middle, floxed Xpo7 allele generated by inserting 2 loxP 
sites surrounding exon 1A (non-erythroid specific), 1B (erythroid-specific) and exons 4+5, 

respectively. Bottom, Xpo7 null allele obtained after Cre-mediated recombination and PCR 

for KO (−/−), WT (+/+) and HET (+/−) animals.
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Figure 2. The ubiquitous isoform of Xpo7 gene, Xpo7A, is not essential for erythropoiesis.
(A) Representative pictures of blood smears of WT and KO Xpo7A−/− mice (magnification 

64X). (B) express blot validating the KO of Xpo7A (in mouse testis where it is most 

prominent). (C) Peripheral blood counts of Xpo7A−/− and control mice at 5 weeks age. 

Results are shown as mean ± SEM from 6 – 9 mice per group (**** = p<0.0001, ** = 

p<0.001, * = p<0.01, two-way ANOVA): red blood cell count (RBC), hematocrit (HCT) 

and red cell distribution width (RDW). (D) Animals were treated with PHZ during two 

consecutive days. RBC, HCT and RDW were measured on the days indicated (n = 6 – 9 per 
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group). (E) Ter119neg cells isolated from fetal livers of WT and KO embryos (n = 4–6 per 

group) were counted and cultured in vitro for two days. Cell growth (fold) and enucleation 

(% of reticulocytes, Ter119+/Hoechst 33342-) were assessed.
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Figure 3. Mice lacking the erythroid-specific isoform of Xpo7, Xpo7B, show a mild anemia and 
altered stress erythropoiesis.
(A) Representative pictures of blood smears of WT and KO Xpo7B−/− mice (magnification 

64X). (B) Western blot validating the KO of Xpo7B. (C) Peripheral blood counts of 

Xpo7B−/− and control mice at 5 weeks age. Results are shown as mean ± SEM from 8 

– 9 mice per group (**** = p<0.0001, ** = p<0.001, * = p<0.01, two-way ANOVA): RBC, 

HCT, RDW and Reticulocytes. (D) Animals were treated with PHZ during two consecutive 

days. RBC, HCT and RDW were measured on the days indicated (n = 8 – 9 per group). 

(E) Ter119neg cells isolated from fetal livers of WT and KO embryos (n = 5 – 7 per group) 
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were counted and cultured in vitro for two days. Cell growth (fold) and enucleation (% of 

reticulocytes, Ter119+/Hoechst 33342−) were assessed.
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Figure 4. Complete Xpo7 deficiency impairs both steady-state erythropoiesis and stress 
erythropoiesis.
(A) Representative pictures of blood smears of WT and KO of Xpo7AB−/− mice 

(magnification 64X). (B) Western blot validating the KO of complete Xpo7. (C) Peripheral 

blood counts of Xpo7AB−/− and control mice at 5 weeks age. Results are shown as mean 

± SEM from 8 mice per group (**** = p<0.0001, ** = p<0.001, * = p<0.01, two-way 

ANOVA): HCT and RDW. (D) Animals were treated with PHZ (80mg/kg/day) once. RBC, 

HCT, RDW and reticulocytes were measured on the days indicated (n = 5 – 6 per group). (E) 

Survival curve of WT and KO animals following treatment with PHZ (100mg/kg/day). (F) 
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Percentage of erythroblast populations in bone marrow and spleen of WT and KO animals 

following recovery from stress erythropoiesis.
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Figure 5. Xpo7 loss inhibits expression of stress erythropoiesis regulators Gdf15 and Smad3.
(A) Quantitative PCR (qPCR) analyses of Gdf15 and Smad3 from the BM of Xpo7 KO 

and control mice. Analyses were performed in replicates of 3. Data were normalized with 

hypoxanthine phosphoribosyltransferase-1 (Hprt1) mRNA levels. Results are shown as mean 

± SEM (error bars), **** = p<0.0001, ** = p<0.001, * = p<0.01, two-way ANOVA.
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Table 1.

Constitutive total Xpo7 deficiency in mice results in partially penetrant embryonic lethality.

Genotypes (%)

Mouse strain Stage Total WT Het KO

   

Xpo7AB−/− E3.5 14 4 (29) 3 (21) 7 (50)****

E9.5 18 6 (33) 8 (45) 4 (22)ns

E11.5 16 2 (13) 9 (56) 5 (31)****

E13.5 29 14 (48) 11 (38) 4 (14)**

E15.5 20 8 (40) 7 (35) 5 (25)**

Postnatal 72 26 (36) 41 (57) 5 (7)**

Xpo7A−/− Postnatal 66 29 (44) 27 (41) 10 (15)ns

Xpo7B−/− Postnatal 36 6 (17) 17 (56) 10 (27)ns
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